We have recently demonstrated the age related vulnerability of hippocampal neurons to 20-min forebrain ischemia in spontaneously hypertensive rats (SHR). In the present study, we investigated the effect of aging on the release of amino acids in the hippocampus during transient cerebral ischemia for 20 min. Concentra tions of extracellular amino acids and cerebral blood flow in the CA 1 subfield were examined by an in vivo brain dialysis technique and a hydrogen clearance method, re spectively, in adult (5-7 month) and aged (19-23 month) female SHR. During cerebral ischemia by bilateral ca rotid artery occlusion, cerebral blood flow to the hippo campus decreased to 20% of the resting values in both groups. After recirculation, both groups showed delayed hypoperfusion which was more prominent in the aged Aging and hypertension are well-known risk fac tors for cerebrovascular diseases and vascular de mentia (Ueda et aI. , 1992). Aged animals with ex perimental cerebral ischemia have been claimed as clinically relevant (Millikan, 1992) , although such studies on the effects of aging on neuronal ischemic damage are limited (Futrell et aI. , 1991). Recently, we reported that the hippocampus in aged (18-22 month) spontaneously hypertensive rats (SHR) is more susceptible to transient cerebral ischemia than in the adult (�8 month) SHR (Yao et aI., 1991). Reduction of perfusion pressure was identical be tween adult and aged SHR, and thus, factors other
SHR. In the adult rats, concentrations of both aspartate and glutamate increased to -8-fold of the resting values during ischemia. The elevation of these excitatory amino acids in the adult SHR was not significantly different from that in the aged rats. In contrast, the concentration of taurine increased 26-fold in the adult SHR but only 16fold in the aged rats. Changes in other amimo acids were not different between the two groups. These results indi cate that an imbalance of excitatory and inhibitory amino acids, e.g., smaller release of taurine, during ischemia may, at least in part, contribute to the age-related vulner ability of hippocampal neurons to transient cerebral isch emia in SHR. Key Words: Aging-Cerebral ischemia Brain dialysis-Glutamate-Taurine.
than changes in blood flow may be involved in the severity of ischemic damage to neuronal cells.
Excitatory amino acids, such as glutamate and aspartate, in cerebral ischemia have been proposed to play an important role (Olney, 1969; Rothman and Olney, 1986; Choi, 1988) , especially in "de layed neuronal death" (Kirino, 1982) in the hippo campal CAl subfield. Furthermore, in relation to N-methyl-o-aspartate receptor complex, glycine has received attention in the development of cell death in cerebral ischemia (Johnson and Ascher, 1987; Patel et aI. , 1990; Globus et aI., 1991) . In con trast, inhibitory amino acids, e.g. -y-aminobutyric acid (GAB A) and taurine, are expected to be in volved in protection against ischemic neuronal damage (Hagberg et aI., 1985; Shurr et aI., 1987; Sternau et aI., 1989; Ooboshi et aI., 1991; Abel and McCandless, 1992) . In this study, we measured concentrations of extracellular amino acids in the hippocampus during and after transient forebrain ischemia in the adult and aged SHR using in vivo brain dialysis. The purpose was to examine whether the concentrations of extracellular amino acids dur ing ischemia are altered by aging. The recovery of blood flow after ischemia was also estimated in re lation to the changes in the ischemia-induced re lease of amino acids.
METHODS
Female SHR, six adult (5-7 months old, weighing 190-245 g) and eight aged (19-23 months old, weighing 195-215 g) were used in this study. The rats were maintained in the Animal Center, Kyushu University, under specific pathogen-free conditions, and fed stock chow diet and tap water ad libitum. Female SHR were chosen because they live longer than 20 months with a relatively low mortality rate (-30% at 20 months), whereas approximately half of 15-month-old male SHR die at 15-20 months of age.
Cerebral ischemia was developed by bilateral carotid artery occlusion (Fujishima et aI., 1975) . Briefly, the rats were anesthetized with amobarbital (100 mg/kg, i.p.) and breathed room air spontaneously. Both femoral arteries were cannulated, one for sampling of blood and the other for continuous recording of blood pressure. Arterial blood gases and pH were determined with an IL meter Model 1304 (Instrumentation Laboratory, Lexington, MA, U.S.A.). The common carotid artery was exposed bilaterally through a ventral incision in the neck, carefully separated from the vagosympathetic trunks, and loosely encircled with sutures for later retraction. Reopening of the carotid arteries was obtained by release of the su tures.
The concentration of extracellular amino acids and ce rebral blood flow (CBF) in the hippocampal CAl subfield were simultaneously determined using an in vivo brain dialysis technique and a hydrogen clearance method, re spectively, as previously reported (Ooboshi et aI., 1992) . The rat's head was fixed in a head holder, and a small burr hole was made in the skull. A dialysis probe (500 fLm in outer diameter, I-mm dialysis membrane; molecular cut-off, -20,000 Dalton; Carnegie Medicine, Stockholm, Sweden) and a Teflon-coated electrode with microther mocouple for the measurement of both CBF and brain temperature (300 fLm in diameter, I-mm portion at its tip uncoated) were placed stereotactically in the right hippo campal CAl, 4.3 mm posterior and 1.5 mm lateral to the bregma and 3.0 mm in depth from the surface of the brain, according to the atlas of Paxinos and Watson (1986) . Ringer's solution was infused into the hippocampus through the dialysis probe at a rate of 4.0 fLl/min with a syring pump (Eicom Co., Kyoto, Japan). The perfusate was collected every 10 min into a plastic tube and stored at -80°C for later measurement of amino acids.
Following a 90-min resting period, when the baseline CBF and arterial blood pressure were determined, both carotid arteries were ligated for 20 min, and then, re opened for 80 min by release of the sutures. Cerebral blood flow was subsequently determined at every 10 min of ischemia and recirculation. Arterial gases, pH, and he matocrit were also measured at the control period, 20 min of ischemia and 60 min of recirculation. Rectal tempera ture was maintained at 37°C using a heat lamp and a heat pad throughout the experiment. Hippocampal tempera ture was adjusted close to 36°C using the heat lamp during J Cereb Blood Flow Metab, Vol. 15, No.2, 1995 the control and recirculation period; however, it was not controlled during bilateral carotid artery occlusion; whereas the rectal temperature still remained at 37°C.
Concentrations of amino acids were measured using high performance liquid chromatography (HPLC) com bined with fluorescent detection after precolumn deriva tization (Lindroth and Mopper, 1979) . Each sample was automatically mixed with o-phthalaldehyde and 2-mer captoethanol for 2 min, and then injected into the HPLC system. The HPLC system consisted of an Eicom pump (Eicom Co., Kyoto, Japan) at a flow rate of 1.0 ml/min, a reverse phase column (Eicompac MA-5 ODS, 4.6 x 250 mm, Eicom Co.) and a fluorescent detector (Shimadzu Co., Tokyo, Japan). The mobile phase was 0.1 M sodium phosphate (pH 6.0) containing 30% (vol/vol) methanol. Concentrations of glutamate, aspartate, taurine, GABA, alanine, and glutamine were determined by comparison with the peak height of a standard solution. Because the peaks of glycine and threonine were too close in our sys tem, they were regarded as one peak (glycine + threonine).
The positions of the dialysis probe and CBF electrode were histologically examined after the experiment. Data were presented as mean ± SD. The statistical difference within each group was analyzed by one-way analysis of variance followed by Dunnett's t test. The significant dif ference between groups was analyzed by the Mann Whitney U test. Linear regression analysis by the method of least squares was performed to examine the interrela tion between cerebral blood flow and extracellular con centrations of amino acids. Table 1 depicts the physiologic parameters in the control period, at 10 min of ischemia and 80 min of recirculation. Each rat developed respiratory alka losis during bilateral carotid artery occlusion, which recovered to the basal level after recirculation. Mean arterial blood pressure increased by � 30 mm Hg during ischemia, and decreased to rather lower levels than resting values after recirculation. There was no significant difference in any parameters be tween the two age groups during the experiment. The changes in CBF to the hippocampus are given in Fig. 1 . The hippocampal blood flow before isch emia was 43.5 ± 7.2 ml lOO g-I min-I and 50.6 ± 9.0 mllOO g-I min -I in the aged and the adult SHR, respectively, without significant difference. Bilat eral carotid artery occlusion for 20 min reduced CBF to < lO ml 100 g -1 min -1 in both groups. Post ischemic hyperemia was observed at the early stage of recirculation in both groups to a similar degree. Hypoperfusion which occurred in the later recircu lation periods was, however, more prominent in the aged SHR.
RESULTS
Changes in the temperature in the hippocampus are shown in Fig. 2 . Rectal temperature was main tained close to 37.0°C in each rat. After bilateral carotid artery occlusion, hippocampal temperature fell to 35.6 from 36.SoC in the aged rats and to 35. 9 from 36.SoC in the adult rats. Immediately after ce rebral blood flow was restored, the hippocampal temperature rose to 37. 3-37.4°C and returned to the preischemic level in both groups. No significant dif ference was observed between the groups.
Concentrations of amino acids in the dialysates did not differ between the two age groups in the control period. During the control period, the con centrations of GABA was not detectable « 1 0 nM) in either group. The concentration of glutamate sig nificantly increased after bilateral carotid artery oc- Bilateral carotid artery occlusion reduced the blood flow to <10 ml 100 g-1 min-1 in both groups. At 40-80 min of re circulation, the blood flow in the aged SHR was significantly lower than that in the adult rats. a, p < 0.01; b, P < 0.05 compared with the control value. **p < 0.01, *p < 0.05 com pared with the value in adult rats. Data are expressed as mean ± SO. Hippocampal temperature fell by �1 °C during cerebral ischemia and rose to 37.3-37.4°C immediately after recirculation in both groups. There was no significant difference between the groups. a, p < 0.01; b, p < 0.05 compared with the control value.
elusion and the highest level observed in the first perfusate during recirculation was �S times the basal concentration in both adult and aged rats (Fig.  3) . The concentration of glutamate returned to basal levels after 40 min of recirculation and the ischemia induced changes were almost identical in both groups. The time course of changes in concentra tions of aspartate was similar to that of glutamate (Fig. 3) , and the concentration increased to S times the control value in the adult rats, which was not essentially different from that in the aged rats (6 times). The levels of taurine in the adult SHR demon strate a greater increase (26-fold) compared with those of the excitatory amino acids during and soon after cerebral ischemia (Fig. 4) . In contrast, the in crease of taurine in the aged SHR was significantly smaller (16-fold) than that in the adult rats (p < 0.05-0.01), although the elevation was still larger than other amino acids. Concentrations of GABA increased to detectable levels during ischemia and at lO min of recirculation; they were not signifi cantly different between the groups (Fig. 4) . Al though the ischemia-induced increase in the con centration of glycine plus threonine and alanine was smaller (2-to 4-fold) as compared with other amino acids (Fig. 5) , the concentration of alanine was still higher than control at SO min of recirculation. In contrast to these amino acids, glutamine decreased during cerebral ischemia, followed by a graduai and progressive increase after recirculation, reaching 150% of the preischemic value at SO min post ischemia in both groups (Fig. 5 ). 
Ischemia Recirculation Ischemia Recirculation
To evaluate the significance of extracellular amino acids during the ischemic insult, we per formed regression analysis between concentrations of amino acids and hippocampal blood flow in both groups. A significant and positive correlation was observed between the concentrations of taurine during ischemia and early recirculation and the re covery of hippocampal blood flow at 60 and 80 min of recirculation (Fig. 6 ). Other amino acids failed to show such significant correlations with the changes in blood flow.
DISCUSSION
We have shown that the neurons in the hippo campus are more susceptible to transient cerebral ischemia in aged than in younger SHR (Yao et aI., 1991) . Because blood flow to the hippocampus dur ing ischemia was similar between both groups of rats in our previous and present studies, it is sug gested that the intensity of ischemia provided by bilateral carotid artery occlusion did not differ be tween the adult and aged SHR. Regional tempera ture in the brain is one of the determinants of ag gravation of ischemic neuronal damage (Busto et aI., 1987; Minamisawa et a!. , 1990) . In our study, (nM) hippocampal temperature equally and significantly fell soon after the development of brain ischemia in both groups, which may be due to identical de crease of regional blood flow by bilateral carotid artery occlusion.
Recently, excitatory neurotransmitters, such as glutamate and aspartate, have been proposed to play an important role in progression of neuronal damage during and after ischemia because of their excitotoxic property (Olney, 1969; Rothman and Olney, 1986; Choi, 1988) . Previous studies have demonstrated that the concentration of extracellu lar glutamate significantly increases at the vulnera ble regions of the ischemic brain (Benveniste et aI., 1984; Yao et aI., 1990) . Furthermore, several stud ies have shown that the selective antagonists of the subreceptors of glutamate effectively attenuate ischemic injury in the brain (Simon et aI., 1984; Sheardown et aI., 1990) . However, it remains un clear whether the excessive increase in these excit atory amino acids primarily affects the progression of cellular damage, because only a few reports dem onstrate the direct relation between the concentra tion of extracellular glutamate and the severity of neuronal damage in in vivo ischemic conditions and aged (n = 8) SHR. Data are ex pressed as mean ± SO. The con centrations of extracellular taurine (left) in adult rats increased 26 times the basal value by cerebral ischemia. The increase in aged rats was significantly smaller (16 times) than that in adult rats. Concentra tions of GABA (right) during isch emia and at 10 min of recirculation increased to the detectable level, and they were not significantly dif ferent between the two groups. a, p < 0.01 compared with the control value. **p < 0.01, *p < 0.05 com pared with the value of adult rats. ( Benveniste et aI. , 1990; Butcher et aI., 1990) . Glo bus et ai. (1991) suggested that the release of gluta mate during ischemia did not correlate with cellular damage, and proposed that the disrupted balance of concentration of excitatory and inhibitory amino acids may more importantly contribute to regional vulnerability to ischemia. Thus, we speculate that a massive release of inhibitory substances, such as taurine and GABA, may be a counterreaction to the excessive excitation by glutamate, etc., and pro tects the neuronal cell against ischemia. Previous studies have shown the beneficial effect of taurine on the neuron in hypoxia (Shurr et ai., 1987) and epilepsy (Yoshida et ai., 1986) . Although the evidence for the protective role of taurine in ischemic conditions is still limited, our study sug gests that possibility. The mechanisms of such a favorable action of taurine have not been fully un derstood, but osmoregulatory action of edema (Wade et aI., 1988; Lehmann et aI., 1991) , mainte-nance of calcium homeostasis (Lehmann et aI. , 1984; Li and Lombardini, 1991) , and membrane hy perpolarization via chloride channels (Bureau and Olsen, 1991; Hausser et aI. , 1992) are proposed as possible factors.
Our study did not clarify the reason why aged SHR demonstrated a smaller increase in extracellu lar taurine in comparison with adult rats in 20-min cerebral ischemia. In the aged rats, the concentra tion of taurine is decreased in the serum (Wallace and Dawson, 1990) as well as in several local brain areas including the hippocampus (Banay-Schwarts et aI., 1989) . Recently, however, we did not find any difference in ischemia-induced release of neu rotransmitters, including taurine, between adult and aged SHR striatum (Yao et aI., 1993) . The age related difference in increase in taurine might be based on regional nature because the magnitude of the increase in SHR during ischemia was smaller (-lO-fold) in the striatum of both adult and aged SHR compared with that in the hippocampus (16-to 26-fold). The vulnerability of the hippocampus to ischemia is likely to be more closely related to ex citotoxicity than that of the striatum (Globus et al. , 1988; Benveniste et al. , 1990) as is that of the cere bral cortex (Park et al. , 1988) . As for the other amino acids in this study, viz., glutamine, alanine, glycine plus threonine, and GABA, there were no differences in the changes in extracellular concentrations between the groups. The temporal profile of the concentration of glu tamine during and after 20 min of ischemia showed a mirror image of that of other amino acids, and resembled that of 3,4-dihydroxyphenylacetic acid, a metabolite of dopamine (Ooboshi et al., 1992) . Our finding is in accord with the previous report that glutamine is a major metabolite of glutamate and GABA (Bradford et al., 1978) . Alanine is released, taken up, and metabolized mainly by neural tissues (Larrabee, 1992) . Extracellular concentrations of alanine remain elevated for a longer period after transient cerebral ischemia, and the time course is similar to that of lactate (Yao et aI. , 1990) . Both extracellular lactate and alanine are intermediates in the metabolism of carbohydrate (Larrabee, 1992) , and the levels of extracellular alanine as well as lactate may be a useful index for the severity of J Cereb Blood Flow Metab, Vol. 15, No.2, 1995 ischemic cellular damage. Glycine is known to act as an inhibitory neurotransmitter in the spinal cord (Graham et al., 1967; Fagg and Foster, 1983) . Re cently glycine was reported to augment the N-meth yl-o-aspartate receptor complex (Johnson and As cher, 1987) , and may play a crucial role in the pro gression of cellular damage in cerebral ischemia (Patel et al., 1990; Globus et al., 1991) . GABA, an inhibitory neurotransmitter, is also reported to be involved in ischemic brain damage (Hagberg et al., 1985; Sternau et al. , 1989; Ooboshi et al. , 1991; Abel and McCandless, 1992; Mileson et al. , 1992) . Because our method did not allow the complete measurement of concentrations of glycine and GABA, the possibility that these two amino acids participate in age-related vulnerability remains.
Hippocampal blood flow in the aged SHR was significantly lowered in the late stage of recircula tion compared with the adult rats. Therefore, hy poperfusion may result in more severe neuronal damage after ischemic insult, although our previous study revealed a similar degree of postischemic hy poperfusion in the hippocampus (Yao et al. , 1991) . In our study, the recovery of postischemic recircu lation was closely related to the concentration of extracellular taurine, but not other amino acids, during ischemia and at early recirculation. We as sume that later hypoperfusion represents the sever ity of early ischemic events, and may correlate with the degree of impaired balance of excitatory and inhibitory neurotransmitters during ischemia. The higher susceptibility of the vasculature in the aged SHR to ischemia may also be responsible for the impaired vasodilatation in the recovery periods. Age-related impairment of dilatory functions of ves sels in both normotensive rats and SHR (Mayhan et al. , 1990; Fujii et al. , 1993) has been reported.
In conclusion, changes in blood flow and concen tration of extracellular excitatory amino acids, such as glutamate and aspartate, in the hippocampus were not different between adult and aged SHR dur ing transient cerebral ischemia. In contrast, the in crease in extracellular taurine during cerebral isch emia was significantly smaller and the delayed hy poperfusion was more profound in the aged than in adult SHR. The imbalance in excitatory and inhib itory amino acids might relate to the further pro gression of ischemic cell damage in the hippocam pus of aged SHR. Further investigation is needed to clarify the relation between aging and ischemia induced changes in the concentration of neurotrans mitters.
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